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ABSTRACT 

A one-dimensional numerical cumulus model was tested against data from a randomized seeding experiment 
made in South Florida in 1968. Fourteen GO clouds were studied. Nine were seeded by pyrotechnics with 1 kg of 
silver iodide each, while five were studied identically as controls. 

Various seeding subroutines and assumptions regarding the ice phase are compared. The experimental aircraft 
data are used to guide the modeling assumptions and to select the most realistic ones. Seedability and seeding effect 
correlate to 0.96 for seeded clouds in the three best models. A high correlation is found between seedability and 
radar-measured rainfall increase from seeding. Also, a high correlation is found between model predictions of the 
difference in precipitation fallout between seeded and control clouds and the measured rainfall differences, although 
the model predictions are much smaller in magnitude. A calculation is undertaken showing that coalescence within 
the cloud body on descent of the raindrops easily accounts for the discrepancy. 

The model predictions for each GO cloud are discussed in comparison with actual measurements on the cloud. 
The 1968 experiment was found to  subdivide into two periods, one fair and one disturbed, with quite different 

effects of seeding. The two periods and corresponding cloud behavior are compared. It is concluded that the 
disturbed period was less favorable for seeding because of higher unseeded cloud growth and strong wind shear. 
Implications of this result for future modeling efforts are discussed. 
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1. INTRODUCTION 
In  May 1968, the third in a series of individual cumulus 

seeding experiments took place in South Florida. The 
series involved massive seeding of single cumuli from 

above with airborne silver iodide pyrotechnics. The pur- 
pose of the seeding was to induce dynamic invigoration of 
the cloud’s updraft structure by means of releasing the 
latent heat content of its supercooled water. The program 
was conducted by ESSA’s Experimental Meteorology 
Laboratory together with the Atmospheric Physics 
Branch of the Naval Research Laboratory. Other partici- 
pants included the University of Miami’s Radar Labora- 
tory, Meteorology Research, Inc., the National Hurricane 
Center, and the Air Weather Service of the U.S. Air 
Force. The first experimental series based on this philos- 
ophy took place in the Caribbean in 1963 (Malkus and 
Simpson 1964). The results suggested that, under speci- 
fiable conditions, massive seeding can cause some cumulus 
clouds to grow explosively. Although not conclusive, due 
to lack of randomization, this first experiment stimulated 
alteration of an existing cumulus model (Levine 1959, 
Malkus 1960) to include a ((seeding subroutine” that 
simulated the dynamic effects of seeding (Simpson et  al. 
1965). This model, called EMB 65, was used in connection 
with a randomized, more extensive seeding experiment in 
1965, also in the Caribbean. 

The 1965 experiment showed conclusively that seeding 
causes vertical cloud growth under predictable conditions 
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and that the numerical 
predicting both seeded 
accuracy within several 

model had considerable skill in 
and unseeded cloud tops to an 
hundred meters (Simpson et al. 

1967). In  1965, one-third of the seeded clouds grew 
explosively and, it was suspected, rained more than if they 
had not been seeded. However, no rainfall measurements 
were possible over the Caribbean Sea. Furthermore, the 
EMB 65 version of the model arbitrarily dropped one-half 
the condensate from the cloud tower and hence ignored 
the feedback between the dynamics of the cloud and its 
precipitation physics. 

Following the 1965 experiment, the numerical model 
was improved by the addition of equations parameterizing 
the growth and fallout of precipitation. The precipitation 
growth equations were based on the work of Kessler (1965) 
and Berry (1968). A hierarchy of seeding subroutines, 
with different hypotheses concerning ice processes, were 
tested against the, 1965 data. This model hierarchy was 
called the EMB 68 series; its development and first testing 
have been described by Simpson and Wiggert (1969). 

The 1965 data, however, did not include enough internal 
cloud physics measurements to satisfactorily test or im- 
prove the model beyond a certain point. Hence the experi- 
men tal aircraft were equipped with cloud particle samplers 
for the third experiment. The mainpurpose of the 1968 
experiment was to relate the dynamics to the precipitation 
physics of the cloud, through improved measurements 
jointly with improved modeling. The purpose of this paper 
is to use the 1968 measurements first to improve the 
model, then to test the improved model with simultaneous 
aircraft, photographic, and radar observations, and finally 
to use all these observations, in the context of the model, 
to  construct a picture of the dynamics and precipitation 
history of individual seeded and unseeded clouds. 

2. SUMMARY OF THE 1968 FLORIDA EXPERIMENT 

Improved pyrotechnics permitted moving the experi- 
mental site to the South Florida land area within the range 
of the University of Miami’s calibrated radar. The devel- 
opment, testing, and use of the pyrotechnics have been 
discussed by Simpson et al. (1970b) who also describe the 
field design of the 1968 experiment together with the 
preliminary results. 

The EMB 68 model was run (with the 1200 GMT Miami 
radiosonde) in real time each morning in advance of an 
operation, with a hierarchy of assumed tower radii. If 
predicted seedabilities were small, the operation was can- 
celled, thus avoiding all but one “no growth’’ case following 
seeding. Altogether, 19 GO clouds were studied between 
May 15 and June 1, 1968, located as shown in figure 1.  
Sealed envelopes opened on the seeder aircraft indicated 
that 14 of these GO clouds were to be seeded and five were 
to be left unseeded but penetrated identically as controls. 
Following the seeding run, the seeded clouds grew an aver- 

I Weighted 65 to 36 in favor of the “seed” instruction 

age of 11,400 ft  more than the controls, a difference signifi- 
cant a t  the 0.5-percent level. 

The precipitation evaluation using the ground-based 
calibrated radar has been described by Woodley (197Qa). 
While the precipitation varied widely from cloud to cloud 
and from day to day, on the average the seeded clouds 
precipitated twice as much as the controls with the differ- 
ence averaging 140 acre-ft by 40 min after seeding, a 
substantial amount of water. To augment the small sample 
of control clouds, Woodley devised an objective scheme of 
choosing additional “radar control” clouds from the nose 
camera record on the seeder aircraft. These clouds were 
then located on the radar film, and their precipitation 
evaluated in the same manner as that of the actual GO 
clouds. Their inclusion did not change the rainfall differ- 
ence between seeded and control clouds. The latter was 
shown to be significant a t  the 5- to 20-percent level, 
depending on the statistical test used. 

The radar evaluation of rainfall was supported by a 
radar-rain gage comparison reported by Woodley and 
Herndon (1970). Total shower rainfall measured by record- 
ing gages was compared with estimates derived from the 
Miami Z-R relation (Gerrish and Hiser 1965) in conjunc- 
tion with radar reflectivity measurements. The radar and 
rain gage estimates were highly correlated (f0.93, signifi- 
cant at  the 1-percent level) and differed an average between 
8 and 30 percent. 

No seeded clouds were available for the radar-rain gage 
comparison, but the missing link was provided by the 
experimental aircraft foil sampler records (Takeuchi 
1969). Precipitation samples with the foil were obtained 
in most GO clouds at  cloud base and at  19,000-ft pressure 
altitude. No significant difference in precipitation spectrum 
or rainfall rate was found between seeded and control 
clouds at  either level. First, this result demonstrates that 
the Miami 2-R relation is equally valid for seeded as for 
unseeded clouds; and hence the radar-measured differences 
in precipitation exist regardless of possible error in absolute 
amounts. Second, this result indirectly confirms the 
dynamic seeding hypothesis, namely that it is the longer 
life and larger cloud that causes the increased precipitation 
rather than any change in drop spectrum or rainfall rate, 
as prescribed by older seeding theories. This postulate 
was hard to confirm by direct measurement because 58 
percent of the seeded cloud echoes (generally the larger 
ones) merged with neighboring echoes while still active. 
Even with this unfortunate population reduction, seeded 
echo lifetimes exceeded those of the controls (only one 
merger) by 39 percent, and the areas of seeded echoes 
exceeded those of control echoes by 47 percent during the 
first 40 min after the seeding run. Furthermore, a cloud’s 
rain production following seeding was highly correlated 
to its vertical growth (Woodley 1 9 7 0 ~ ) .  

Additional reports already completed on the 1968 
results concentrate mainly on 3 days, namely May 16 
(Simpson and Woodley 1969), May 19 (Woodley 1970b), 
and May 30 (Woodley and Powell 1970). In  these partic- 
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RED AND GREEN AREAS, PRIMARY SEEDING AREAS FOR FLORIDA CLOUD SEEDING PROJECT. MAY 1968 
DATES AND TIMES FOR NUMBERED SEEDED AND CONTROL CLOUDS 

2 17532 I6  MAY I 17552 19 MAY 8. 19082 20 MAY II. 18232 26 MAY 14. 16402 28 M A Y  17. 18422 30 M A Y  
3 18222 16 MAY 6. 20062 19 MAY 9. 20342 21 MAY 12 15292 27 MAY 15. 16592 30 MAY 18. 19422 30 MAY 

I 1. 19302 I 5  MAY 4. 19372 16 MAY 7. 17482 20 MAY IO. 17382 26 MAY 13. 16182 27 M A Y  16. 17502 30 MAY I 

FIGURE 1.-Location of GO clouds in the Florida 1968 cumulus seeding experiment. The seeded clouds are denoted by S and the control 
clouds by C. The clouds are numbered in order of study corresponding to numbers in the tables and text. The dashed areas are so- 
called “red” and “green” areas, set aside by the Federal Aviation Administration as the main land areas to be used in the experiment. 

ularly interesting cases, detailed case studies of the cloud 3. DEVELOPMENT OF THE NUMERICAL MODEL 
have been prepared using aircraft penetrations, radar, 
modeling, and airborne photogrammetry following. a 
method devised by Herrera-Cantilo (1969). On May 16, 
Woodley and Fernandez-Partagas (1969) studied synoptic 
and mesoscale conditions on the Florida Peninsula with 
the aid of satellite and airborne photography, while 
Ruskin et  al. (1969) have prepared a detailed cloud 
physics study with emphasis on cloud condensation 
nucleus populations and their relationship to seeding 
potential. The synoptic, general circulation, and large- 
scale disturbance context of the whole experiment has 
been analyzed for each day by Fernandez-Partagas (1969), 

The early development of the model was reported by 
Simpson et al. (1965). Its further development up to the 
1968 experiment has been described in detail in a paper 
by Simpson and Wiggert (1969) hereinafter referred to as 
I. Briefly, we treat a one-dimensional parameterized model 
of the active rising phase of an individual cumulus tower. 
The cloud tower is idealized as either a jet, a buoyant 
rising plume, a “thermal” with vortical internal circula- 
tion, or a hybrid of these forms. With this basic postulate, 
the differential equation for the rate of rise of the tower 
center is shown to be 

(1) 
while the large-scale effects on rainfall of the seeding have 
been investigated by Woodley et al. (1969). 
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where z is height and t is time, gB is the buoyancy force 
per unit mass, y is the virtual mass coefficient, K2 is the 
entrainment coefficient, and R is the radius or horizontal 
half-width of the cumulus tower. 

The buoyancy term is evaluated as 

where AT, is the virtual temperature difference between 
tower and surroundings and AT, (LWC) is the reduction 
due to weight of suspended hydrometeors, as formulated 
by Saunders (1957) , namely: 

AT,(LWC)=Tv . r,, (3) 

where Tv is the virtual temperature in the cloud and r, ,  is 
its hydrometeor content in grams per gram. 

The values of K2 and y are taken as 0.65 and 0.5, 
respectively, as explained in I. These values are equal or 
close to laboratory values and have been checked by 
aircraft measurements. R is measured by photogrammetry 
and is usually assumed constant with height. Other 
necessary input data are an environment temperature- 
humidity sounding and cloud base height and conditions. 
The latter are saturation at  ambient temperature, which 
is roughly verified by cloud base measurements over and 
near Florida. The value of the initial rise rate has been 
shown (Andrews 1964) t o  make negligible difference; 
we have chosen 1 m s-l. 

First, an entrainment calculation is performed on the 
computer proceeding from cloud base upward between 
sounding points and assuming in-cloud saturation with 
respect to either water or ice. Output variables are cloud 
temperature, specific humidity, and liquid water con- 
densed. These cloud properties are then available to  
calculate ~ buoyancies a t  any interpolated intervals to 
integrate eq (1) in ascending steps. For completing gB 
and undertaking the integration, it only remains to 
specify a growth and fallout scheme for precipitation. 
The maximum height achieved by the tower center is 
defined to  be that level where w goes to zero. The tower 
radius must be added to compare with the height of 
the measured cloud top. 

The equations for the growth and fallout of precipitation 
have been described in detail in I. Briefly, all water is 
first, condensed as cloud water, with small drop size 
(roughly 5-30 p m )  and negligible terminal velocity. 
Then a process called autoconversion begins. This involves 
the formation of precipitation particles either by the 
aggregation of several cloud particles or by the action of 
giant salt nuclei, or similar processes. I n  this study, w e  
use an autoconversion equation developed theoretically 
by Berry (1968) from a model of initial growth by con- 
densation and coalescence of cloud-sized particles with 
each other, namely: 

g rne3 s-l (4) dM m2 
- (autoconversion)= dt  

where dM/dt is the rate of growth of precipitation water 
content M (in g m+) and m is cloud water content (in 
g m 3 .  The bouqdary between cloud water m and pre- 
cipitation water M was defined in I as a drop diameter of 
about 200 pm. The early droplet spectrum near cloud 
base has a number concentration of N b  drops per cubic 
centimeter and a relative dispersion D, due to the con- 
densation spectrum. The relative dispersion D, is defined 
as 

standard deviation of droplet radii 
mean droplet radius 

An important feature of Berry’s eq (4) is that a different 
autoconversion rate is permitted for maritime and for 
continental clouds. Ruskin et al. (1969) have reported 
cloud base counts of condensation nuclei during the 
Florida experiment and point out that the ‘degree of 
continentality may have an important effect on seeding 
results. Using their measurements, we assume for the 12 
GO clouds over the Florida Peninsula a drop concentration 
of 50Q-~rn-~ and a relative dispersion of Db=0.146. With 
this set of parameters, use of eq (4) is called “Berry Florida 
Conversion.” For the seven GO clouds over the ocean, we 
have taken a drop concentration of 50 ern+ a t  cloud base 
and a relative dispersion of 0.366. With this set of param- 
eters, use of eq (4) is called “Berry Marine Conversion.” 

Once precipitation is formed, the precipitation drops 
will grow predominantly by collection of the small cloud 
drops. Our coalescence or collection equation is that 
derived by Eessler (1965, 1969) for a continuous collection 
process. A fundamental assumption is that the precipita- 
tion spectrum can be described by an equation of the form 

Db= 

nD=nue (5) 

where D is the diameter, nD6D is the number of drops 
with diameters in the range between D and D+SD in 
unit volume of space, and no is the value of n, for D=O. 
That raindrop spectra followed an equation of this form 
was originally proposed by Marshall and Palmer (1948) 
from observations of showers a t  the ground. I t  has been 
verified for active cloud towers by Mee and Takeuchi 
(1968) in the Tropics and by Braham (1968) and others 
in mid-latitudes. 

In eq (5), the exponent X is related to the precipitation 
water content by integrating over all diameters to  obtain 

or 
3.67 A=-- 
DO 

in the gram-meter-second system of units. Do is the median 
volume drop diameter or the diameter that divides the 
distribution into parts of equal water content. 

We use the following equation (Kessler 1965) for the 
terminal velocity of raindrops, namely: 

V= -130 DL’2 m s-I ( D  in meters). (7) 

Using eq (5-7) and physical reasoning, Kessler obtains a 
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collection equation, namely: 

@! (collection) =6.96 X 10-4EE.rt~'25mM0.875 g m-3 s-I 
at 

(8) 

where E is the collection efficiency of precipitation parti- 
cles for cloud particles. 

For the fallout scheme, we consider the average precipi- 
tation particle to be located a t  the tower center and to 
fall with terminal velocity Vo for the median volume drop 
diameter Do. It leaves the vortically circulating portion 
of the tower after falling through a height interval R.  
The fractional fallout of precipitation M in each height 
interval is therefore the ratio of the time for the tower to 
rise through the vertical height step over which the inte- 
gration is being made (50 m) to the time for the median 
volume diameter drop to fall through one radius. 

From this point, the water budgeting is straightforward. 
All water condensed in the entrainment calculation in 
each vertical interval (z2-zz,)=dz is first put into cloud 
water m. Then autoconversion and collection calculations 
are applied to  obtain AM in the interval where dt=dz/w,. 
Then AM is added to M and subtracted from m. The 
fallout is summed with height in a separate column to 
give later the total fallout of precipitation from the 
tower. The final sum of m+M after conversion, collection, 
and fallout is used in the buoyancy correction to calculate 
w,; and this same sum is then exported upward to repeat 
the water budget in the next height interval. 

Once the precipitation water content and spectrum are 
defined, the radar reflectivity of the rising tower is also 
readily predicted, namely : 

~=3.2X109no-0*75&f1*7~ (mm6 m-3). (9) 

For liquid clouds, it only remains to specify no and E 
which are now fairly well known from measurements. As 
explained in I, we take no=107 m-' and E=l for water 
clouds. 

4. SEEDING SUBROUTINE AND MODEL HIERARCHY 

The effects of seeding are introduced linearly between 
the levels of -4°C and -8°C in the model. The latent 
heat of fusion is released in this interval and adds to the 
cloud temperature. The cloud also goes from water satu- 
ration to  ice saturation in this interval, adding a compar- 
able temperature increment due to  the depositional heating 
resulting from the excess water vapor depositing out 
into ice. The basic rationale for this procedure was estab- 
lished by Simpson et  al. (1965) and Andrews (1964). 
It remains to  specify what fraction of the cloud's calcu- 
lated H,O content a t  -4°C is to be frozen and how the 
collection efficiency, precipitation spectrum, and terminal 
velocity law alter when the hydrometeors are converted 
into ice. 

In preparing I, we had no direct observational infor- 
mation on any of these important points except for vastly 

TABLE 1.-Properties of two seeding models used with 1966 data 

A 100 0. 1 0. m 620 0.93 107 
K 80 1. 0 .20 430 .94 107 

conflicting evidence about ice-for-ice collection efficiency. 
We therefore took an unchanged precipitation spectrum 
(with no=107 m-4) for ice and considered 13 different 
seeding subroutines labeled EMB 68 A to EMB 68 M, in 
which the ice parameters were varied one a t  a time within 
wide but physically reasonable limits. Each subroutine 
was then run with the data from the 12 seeded clouds 
studied in the 1965 seeding experiment, and the height 
predictions of each were tested against observations in I. 

Properties of two of the better subroutines are shown 
in table 1. In  the table, the column labeled TLWC gives 
the percentage of the water at  -4°C that is frozen in the 
seeding subroutine; E,,, is the ice collection efficiency; 
the fraction in the column marked V ,  is the fraction used 
in the terminal velocity law (7) for the reduced fall 
velocity of ice particles relative to that of water particles; (e( is the average absolute error in height prediction; 
and Rs,EF is the correlation between seedability and 
seeding effect, which would be unity if the model and data 
were perfect (see next section for fuller discussion). 

In  the model hierarchy, TLWC was vaned between 60 
and 100 percent; Efce was varied between 0.1 and 2.0; 
and the fraction of V ,  was varied between 0.20 and 1.0. 
Briefly, results were relatively insensitive to variations in 
E,,,. However, it  proved necessary to reduce the terminal 
velocity of ice particles drastically to reduce vertical 
momentum sufficiently not to  overpredict cloud tops. 
Model A was the version used in the real time predictions 
in advance of each seeding operation; but the later 
developed model K appeared to  give slightly better 
height predictions, so that it was originally planned to 
use K in the post-analysis of the 1968 data. 

However, the 1968 cloud penetrations shed a new light 
on modeling parameters. Ice spectra were constructed 
from the foil sampler flown a t  19,000 f t .  Results are com- 
pared with a typical water spectrum in figures 2 and 3.  
Equation ( 5 )  still approximates the actual ice spectrum 
very well; but no is about lo8 m-4, one order of magnitude 
higher than in liquid clouds. This means more smaller 
particles and hence a smaller V ,  for the same precipitation 
content. The foil sampler records, taken together with 
other water content measurements, also showed that as 
much as 40 percent of the mass of the cloud hydrometeors 
was frozen at  the time of seeding (see table 7 and dis- 
cussion). Beyond that, from the 1968 experiment, we had 
in hand Formvar2 ice particle replicas quite similar to those 
on which Braham (1964) had made terminal fall speed 
measurements. He found that the ice terminal velocities 
were about 0.7 times the terminal velocities of water drops 
of equivalent mass. The specific gravity of the ice pellets 

2 Mention of a commercial product does not constitute an endorsement. 
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was measured between 0.87 to 0.91, and we shall therefore 
neglect the small density difference between ice and water. 

As a result of these new observations, models N, 0, 
and P were developed as specified in table 2. It soon be- 
came clear that model N seriously overpredicts top 
heights. Hence models K, 0, and P are selected for com- 
parison with the 1968 observations. It should be recalled 
in examining the comparison that model P comprises the 
most realistic set of parameters. 

5. MODEL COMPARISONS 
WITH THE 1968 OBSERVATIONS 

T o  run the numerical model for each GO cloud of 1968, 
we found it necessary first to select the sounding most 
characteristic of the cloud environment and to measure 
the tower radius R. During the operational period, ra- 
winsondes were available from both Miami and Key West 
(fig. 1) at  0000,1200, and 1800 GMT. On many days, special 
Air Force dropsondes were made over water, but as near 
as possible to the experimental cloud. The sounding best 
representing each cloud environment was selected using 
the approaching runs from the monitoring aircraft a t  
19,000 f t  and cloud base, combined with the seeder air- 
craft temperatures a t  higher levels. The sounding giving 
the best fit to these observations was chosen; it was 
usually, but not invariably, the sounding closest to the 
cloud in space and time. 

The cloud tower radius was measured with the method 
of Herrera-Cantilo (1969). The photogrammetric measure- 
ments were made using the side camera film from the 

FIGURE 3.-Average ice spectrum (for precipitation sire particles) 
through Florida cumuli in May 1968. All foil sampler records have 
been averaged; only about one-fourth of the passes were through 
an active tower. 

TABLE 2.-Models baaed on new data for use with 1968 observations 

Model TLWC E i c c  V T  no 
(%) (m-9 

N 80 1.0 1.0 108 
0 80 1.0 .b  10s 
P 80 1.0 . 7  108 

19,000-ft ESSA DC-6 aircraft at  the time closest to seed- 
ing time that the tower was visible on either side camera, 
generally within 2 to 3 min after seeding. On several days 
(May 16, 19, 30), a complete photogrammetric time his- 
tory of top heights and radii were made. For cloud 3 and 
particularly cloud 4 on May 16, the measured tower ex- 
pansion was large after seeding, and it has been incorpo- 
rated in special model studies discussed by Simpson and 
Woodley (1969) and shown in figures 10 and 11 herein. 
However, since this precision was not possible on many 
GO clouds due to often obscured visibility on the photo- 
graphs, the model comparisons and statistics here were 
made based on computations using the radii given in 
table 3 without any expansion or alteration. 

Seeded cloud numbers are in circles, and control cloud 
numbers are in boxes. The average radius of seeded cloud 
towers was 994 m; that of control cloud towers was 920 m. 
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TABLE 3.-Tourer radius and sounding used for  each GO cloud in 
Florida (1968) 

Cloud Date Radius (m) Sounding OPT 

May 16 
16 
16 
16 
19 
19 
M 
20 
21 
26 
26 
27 
27 
28 
30 
30 
30 
30 

June 1 

1300 
660 
loo0 
loo0 
loo0 
860 

loo0 
1200 
12w 
860 
900 

loo0 
loo0 
760 
900 
876 

1100 
1100 
860 

USAF drop 
Miami radiosonde 
Miami radiosonde 
Miami radiosonde 
USAF drop 
Miami radiosonde 
M i a d  radiosonde 
Miami radiosonde 
USAF drop 
Miami radiosonde 
Key West radiosonde 
Miami radiosonde 
Miami radiosonde 
Miami radiosonde 
Miami radiosonde 
Miami radiosonde 
Miami radiosonde 
Miami radiosonde 
USAF drop 

2ooo 
1800 
la00 
1800 
1900 
la00 
1800 
la00 
2060 
1800 
oo00 (27th) 
1200 
1200 
1800 
l8w 
1800 
le00 
18w 
1700 

The difference is not statistically significant. It is un- 
fortunate that there were so few control clouds in 1968. 
Furthermore] on 2 of the 5 days when there was both a 
control cloud and one or more seeded clouds, the clouds 
were so far apart in space that a different sounding applied 
to  the environment of control and seeded cloud. 

The first comparative test to  make with the models is 
that of plotting seedability versus seeding effect for both 
seeded and control clouds. Seedability is defined as the 
amount (in km) that the predicted maximum top height 
of the seeded cloud exceeds the predicted maximum 
unseeded top height of the same cloud. Seeding effect is 
defined as the amount (in km) that the observed maxi- 
mum top height of the cloud exceeds the predicted 
maximum unseeded top height. If the model and data 
were perfect, seeded clouds would have equal seedability 
and seeding effect and hence should lie along the straight 
line with slope one, while the control clouds should show 
no seeding effect regardless of how large their seedability 
and hence should lie along the straight line with slope 
zero. 

Figures 4-6 show the seedability-seeding effect dia- 
grams for seeded models K, 0, and P and for unseeded 
clouds (no difference between models). 

For each model, the correlation between seeding effect 
and seedability is 0.96 for seeded clouds. For the un- 
seeded clouds, the correlation between seeding effect and 
seedability is -0.42 which is not significant even at  the 
40-percent level. The diagrams suggest, however, that the 
tops of the unseeded clouds were systematically over- 
predicted by the model. This was indeed the case. In  
fact, for unseeded clouds the average algebraic error 
(predicted minus observed tops) was +480 m, while the 
average absolute error was 528 m. Our visual observations 
during the field program suggested that the destructive 
effect of the aircraft penetrations prevented three of the 
control towers and a t  least two seeded towers from reach- 
ing as high as they would have otherwise. An example of 
a cloud tower torn up by the penetration of two aircraft 
is illustrated later in figure 14. Another problem regarding 
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TABLE 4.-Precipitation comparisons 

May 16 
16 

19 
20 
21 
20 
27 
28 
30 

June 1 

1 -3.01 1.63 -0.97 1.63 0.10 1.47 
2 - .05 .17 - .02 .23 .C4 .U 
3 1.40 3.06 3.03 3.08 3. 79 2.95 
4 1.40 3.06 3.03 3.08 3. 79 2. 95 
6 -1.77 2.09 .17 2.m .%3 2.01 
8 -2.28 2.00 - .46 2.11 .50 1.96 
9 -2.16 2.06 - .02 2.10 1.19 1.99 

11 -1.76 1.93 - .14 1.97 .83 1.87 
13 , -2.10 1.76 - .20 1.81 .76 1.71 
14 - .57 2.18 .98 2.25 1.56 2.09 
16 -233 1.41 - .77 1.52 - .07 1.38 
17 -3.08 1.50 -1.23 1.60 - .28 1.47 
18 -3.08 1.60 -1.23 1.60 - .28 1.47 
19 -1.49 1.66 .23 1.88 .79 1.72 

94.6 
6.1 

823.9 
200.8 
7%. 6 
70.8 

no control 
merger 

70.6 
. a  

-105.2 
88.1 

-198.6 
data missing 

the control clouds is seen on the diagrams, namely none 
had a seedability much exceeding 2 km. Unfortunately, 
on days of high seedability the randomization procedure 
chose no control clouds. This problem did not occur in 
1965 and will .be partially prevented in the 1970 experi- 
ment by randomization in pairs. 

The relative accuracy of the models in predicting seeded 
heights differs little between E, 0, and P. The average 
absolute height errors are respectively 333,341, and 291 m. 
The superiority of the model P becomes more pronounced 
when rainfall and cloud physics are considered and com- 
pared with observations. Table 4 compares precipitation 
production and fallout between the three models and with 
radar measurements (Woodley 19704.  As explained in 
section 3, the fallout of precipitation from the rising tower 
in each interval is summed in one column of the computer 
printout. The final sum of fallout achieved when the tower 
reaches its maximum height is presented in figures 8,lO-12, 
15-18, 20-21, 23, 25, and 28 as “seeded fallout” and 
“unseeded fallout,” respectively. The difference between 
these two quantities appears as Ar in table 4. Ar is thus 
only the difference in fallout from the rising towers and 
not necessarily the rainfall difference a t  cloud base, al- 
though there should be a relation, as we shall see. A P  is 
the total precipitation production of the rising tower, 
namely the summed fallout plus the precipitation con- 
tent still contained in the tower a t  its peak height. The 
column labeled “Meas. AR” is the difference in radar- 
measured precipitation between seeded and control clouds 
for the first 40 min following the seeding run. On days 
when a randomly selected control cloud was available, 
it was used for this calculation. Where no randomly 
selected control was available, a radar control was used. 
No control cloud whatsoever existed on May 21. On May 
26, the seeded cloud merged with a neighboring cloud by 
10 min after seeding, and its water production could not 
be calculated. On June 1, the aircraft were forced to work 
outside the 100-n.mi. range of the University of Miami 
radar, and hence no radar measurements were possible. 

:ATHER REVIEW Vol. 99, No. 1 

On examining table 4, we immediately see that models 
K and 0 largely give precipitation decreases following 
seeding. In K, fallout from seeded clouds is decreased 
relative to unseeded clouds in 86 percent of the cases 
or in all but two cases, while with model 0, the fallout 
was decreased in 64 percent of the seeded clouds. This 
result appears unrealistic in view of the observed in- 
creases from seeding. The reason for this outcome in the 
models stems from the reduced terminal velocities of ice 
particles in models H and 0. The terminal velocities of 
ice were reduced for the purpose of loading the tower, 
thereby reducing its vertical momentum and preventing 
overprediction of top heights. Of course, it might be argued 
that the main reason that seeding increased precipitation 
was by producing a multitowered cloud where the pre- 
cipitation from the first, actually seeded tower was in 
fact reduced. That this is not the case is demonstrated 
by a calculation of the correlation between the measured 
precipitation in the interval 0-10 min following seeding 
with the total measured precipitation in the interval 
0-40 min following seeding. The correlation is 0.87, 
significant to the 0.5-percent level. Furthermore, the 
measured precipitation in the interval 0-10 min averages 
27 percent of the total precipitation in the interval 0-40 
min for both seeded and control clouds. This means that 
the first tower of the cloud gives both an amount pro- 
portional to and an appreciable fraction of the seeded 
cloud’s total rainfall increase and that the model, which 
treats the first tower, should show precipitation increases 
that can somehow be related to an appreciable fraction 
of the measured rainfall.3 A rough calculation readily 
shows that the AT’S in table 4 are numerically far smaller 
than the observed rainfall differences between seeded and 
control clouds in the last column of the table. For example, 
consider cloud 3 on May 16, with Ar=3.79 g kg-’ (for 
model E’). With a cloud tower radius of 1000 m and a 
mean air density of about 0.5X g ~ m - ~ ,  we have 

4 
3 mass water=-rpR3 Ar=4XO.5X 10-3X10’sX3.79X low3 

=7.6X109 g 

=6 acre-ft 

compared to the observed difference of 823.9 acre-ft. 
We resolve this discrepancy with a precipitation growth 
model in section 7. 

We note in table 4 that model P gives rainfall increases 
from seeding for all cases except the clouds on May 30, 
where decreases were actually observed in two out of three 
seeded clouds. Also, the May 16 predicted increases are 
the largest, in correspondence with the measurements. 
Model P permits the ice terminal velocities to be 70 percent 
of those of water particles of equivalent mass, as meas- 

3 It may seem inplausible to some readers that the seeding can affect the radar-measured 
rainfall at cloud base level 8s early as 10 min following seeding. A calculation demon- 
strating that this can and does happen bas been published elsewhere (SimpWn 1970). 
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- I  

ured by Braham (1964), and at  the same time does not 
overpredict the cloud tops for two reasons. The first 
reason is the change in ice particle spectrum achieved by 
raising no one order of magnitude to conform with figure 3. 
The higher no means proportionally more small ice particles 
and hence reduced fallout. The combined and somewhat 
compensating changes in no and terminal velocity lead 
to  slightly greater fallouts and reduced retained precipita- 
tion in model P relative to  K and 0. The other factor 
reducing overprediction of top heights in P is that only 
60 percent of the water a t  -4OC is frozen in this model,, 
allowing for the higher observed amounts of ice in the 
pre-seeding penetrations. 

Table 5 shows some important correlations between 
predictions and measured rainfall for all three models; 
and the significance tests have been made using one- 
sided t tests, since the advance prediction was made that 
the correlation should be positive. The first two rows in the 
table correlate physical predictions of the model with 
the measured difference between seeded and control pre- 
cipitation, while the last two rows correlate the dynamic 
predictor seedability (s> with measured precipitation. The 
quantity A W  is the water produced in the 0- to 40-min 
period after seeding, relative to the water produced in the 
interval 10 min before seeding. 

First, we see that all correlations are positive and 
significant. This means that the model has considerable 
skill in predicting the relative amounts of rainfall to  be 
gained from seeding. Then we note that all models are 
about equally good in relating seedability to rainfall 
increase. This is clearly because the seedability prediction 
varied little between models; the reason is that the 
dynamics of the clouds are not highly sensitive to the 
details of the microphysics. This statement is equally 
applicable to model A (table l),  the version used in real 
time in advance of each operation; the seedabilities com- 
puted with model A differed little from those of K, 0, 
and P. However, when we compare on the basis of com- 
puted precipitation fallout differences (table 4), model P 
is clearly superior to the others. This is gratifying since P 
is based on a much closer fit of the ice parameters to 
observations. 

Last, we can show that the important correlations would 
be much higher if we could correct for one serious error 
in the radar measurement of precipitation. In  table 3 ,  we 
note that the predicted Ar's of clouds 3 and 4 of May 16 
are equal, while the measured A R  for cloud 3 is listed as 
exceeding four times that of cloud 4. Simpson and Woodley 
(1969) noted that cloud 4 was in the blind cone of the 
University of Miami radar, produced by the interference 
of the library building. They deduced from aircraft pene- 
trations and other evidence that the echo intensity and 
rain production of cloud 4 should have been at  least equal 
to that of cloud 3 .  With this correction in the rainfall of 
cloud 4, the results with model P come out as follows: 
The correlation between seedability and rainfall increase is 

4131302 0-71-2 

- 0 - 
I l l  

TABLE 5.-Correlations between predictions and measured rainfall 
for  1988 seeded clouds 

K 0 P 

Corre- Signlflcance Corre- Sigdficance Corre- SigniAcance 
lation (%) lstlon (%) lstion (%) 

Ar, AR 0.63 <Z% 0. 73 -35 0.78 < $6 
AP, AR .63 <2?4 .63 e235 .66 <2% 
s, A R  .70 <1 .70 <I .71 <1 
S, AW .67 <1 .67 <l .67 <1 

RAINFALL CHANGE (AR) 
AS FUNCTION OF SEEDABILITY (S) 
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FIGURE Il.-Radar-measured precipitation change (AB) in the seeded 
clouds of 1968 plotted versus the model-computed seedability 
for the same cloud. AR is  the precipitation difference (measured 
a t  cloud base) between the seeded and the control cloud. The 
equation on the right is that of the straight line that best fits 
the data points. 

0.87 and the correlation between predicted and measured 
rainfall increase is 0.91, both significant to  better than 
0.5 percent. 

This important result provides a possible way to 
predict the actual amounts of rainfall increases from 
seeding in advance, from a prediction of seedability. 
Seedability is a dynamic variable that our several experi- 
ments (see also Simpson et  al. 1967) have shown predicts 
actual cloud growth to good accuracy. Figure 7 shows a 
plot of the observed A R  in acre-feet versus predicted 
seedability in kilometers. The equation 

A R =  -286+211 S (10) 

is the equation of the best fit straight lime to the points in 
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TABLE 6.-Predicted versus observed cloud tops for 1968 experiment 
model P used for seeded clouds 

Observed Predlcted Predicted 
Cloud Date maximum top unseeded top seeded top 

(am, abs. alt.) (km) (am) 

- 

May 16 13.46 
16 6. 10 
16 12  90 
16 14.10 
19 11.12 
19 7.02 
20 7. 42 
20 11.69 
21 12.83 
26 6. 82 
26 11.71 
27 10.12 
27 12.00 
28 10.41 
30 9. 7 
30 10.61 
30 11.92 
30 12.20 

June 1 9. 99 

10.88 
6.06 
7.80 
7.80 
9.48 
7. 78 
8. P 
9.43 

10.12 
7.37 
9. 77 

10.00 
10.00 
8.41 

10.10 
9.96 

10.63 
10.63 
a 61 

13.68 
6.10 

12 46 (13.00) * 
1246 (14.30)’ 
11.08 

10.43 
11.63 
13.32 
8.92 

11.77 
11.86. 
11.86 
10.66 
11.29 
11.11 
12.08 
12 08 
9.96 

am 

‘Top using expanding radius measured by photogrammetry (Simpson and Woodley 
1969). (See also figs. 10 and 11.) 

figure 7 found by the method of least squares. The vari- 
ance of Ah? is reduced by 0.76 by this relation. 

We might expect the rainfall increase to be smaller, the 
greater the unseeded cloud top. When this dependence 
is introduced, the best fit linear equation for AI? becomes 

AR=416+200 S-74 P ,  (11 1 

where P, is the predicted unseeded top in kilometers (see 
table 6) .  The introduction of the second variable depend- 
ence reduces the variance by an additional 10 percent. 

Clearly, there are too few data points a t  present for 
these results to be applied confidently to practical modi- 
fication. In  future experiments, we plan to  investigate 
whether one relationship of this type can be constructed 
for South Florida, or whether perhaps different curves 
are needed for different synoptic situations. Meanwhile, 
it is important to note that, when seedabilities are less 
than about 1 km, rather sizable decreases in precipitation 
follow massive seeding. This point is clarified further in 
section 8. 

6. MODEL P RESULTS FOR INDIVIDUAL CLOUDS 
Table 6 gives the model-predicted4 and the observed 

cloud tops for each GO cloud in the 1968 experiment. The 
observed tops were measured by aircraft and/or photo- 
grammetry. Simpson et al. (1970b) presented these meas- 
urements earlier in units of pressure altitude. In  table 6, 
pressure altitude has been converted to absolute altitude 
using the U.S. Standard Atmosphere and the soundings 
of table 3. In  the height region where cloud tops occur, the 

4 The cloud radius and height of cloud base have been added to each model-predicted 
top, since the model calculates the height of the tower center above cloud base. 

absolute altitude is very roughly 1,000 f t  higher than the 
pressure altitude. 

Figures 8,lO-12,15-18,20-21,23,25, and 28 showplots 
of the individual model results for each GO cloud. Ob- 
served tops (with radius and cloud base subtracted) have 
been entered as a horizontal line on each diagram. On 
examining these figures, we see that the 1968 experiment 
was in some ways not as good an experiment in cloud 
dynamics as was the 1965 experiment (Simpson et al. 1967, 
appendix table). The randomization in 1968 gave only five 
control clouds. Of these five, only two (May 27 and 
30) had the same environment and the same or nearly the 
same radius as a seeded cloud and hence formed a perfect 
pair. The remaining three had smaller radii than the cor- 
responding seeded clouds, while two of these (May 19 and 
26) grew in much less favorable environments. Randomiza- 
tion in pairs will help but not completely solve this type 
of problem in future experiments. 

The 1965 experiment, however, definitively established 
the relation between seeding and cloud growth. The main 
advance resulting from the 1968 experiment lies in relating 
the microphysics and rainfall to the dynamic effects of 
seeding. 

We now discuss briefly the model results and obser- 
vations for each cloud. 

MAY 15 (FIGS. 8 AND 9) 

Cloud 1 was unfortunately seeded when its top had 
already attained 30,000-ft pressure altitude, or abouk 
8.8 km above cloud base. Figure 8 shows that the unseeded 
cloud should have topped out just above this level. 
Figure 9 shows “before and after” photographs of cloud 1. 
The wind shear was very weakly from the north so that 
the cloud grew almost vertically. The cloud’s life history 
consisted essentially of the growth, spreading, and decay 
of the single, very wide tower. The seedability was 2.7 
km, and the predicted and observed seeded tops agreed 
closely. 

Table 4 shows that of the positive predicted Ar’s, that  
for cloud 1 is the second smallest due to  the great height 
predicted for the unseeded tower. The only control cloud 
on May 15 was a radar control. The difference between 
seeded and control precipitation was 94.5 acre-ft, one of 
the smaller than average increases. Cloud 1, moreover, 
was one of the few seeded clouds in 1968 for which AW 
was negative for the most of the 4O-min period following 
seeding. AW is the rain falling in a 10-min interval minus 
the rain falling 10 min before seeding. This result probably 
occurred because the natural top was very high and had 
rained heavily before seeding. 

Foil sampler records were not available for this day, 
and the individual cloud penetrations showed no especially 
interesting features. 

MAY 16 (FIGS. 10 AND 11) 
.. 
All ‘three GO clouds on May 16 were seeded, and the 

only control is a radar control. The three seeded clouds 
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FIGURE 8.-Results of model calculation for cloud 1 on May 15, 1968. Properties of the rising tower center as i t  rises are plotted against 
height above cloud base (ordinate). On the left is the total water content (ingm-3). Next is the water content broken down into cloud 
water, m, and precipitation water, M. The middle curve is radar echo in units of decibels or 10 log,, 2 (where 2 is in mom-3) .  The second- 
from-right curve is within-cloud temperature excess, and the right-hand curve is the rise rate of the tower. The observed top has been 
modified by subtracting the tower radius and cloud base height because the model predicts the height of the tower center above the 
cloud base. 

yxp* 

FIGURE 9.-Photograph of cloud 1 (seeded) on May 15, 1968 (by Mr Robert Ruskin, Naval Research Laboratory) ; (A) the cloud 8 min 
before seeding at the time of the first monitoring pass and (B) the cloud 30 min after seeding with full cumulonimbus stature. 
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CLOUDS 2. 3 AND 4 (SEEDED) 
MAY 16, 1968 - MIAMI RADIOSONDE - 1800 GMT 

MODEL EMB 68 P - BERRY FLORIDA CONVERSION 
CLOUD 3: 

UNSEEDED 

SEEDED WITHOUT EXPANSQN 
SEEDED WITH 30% EXPANSION 

.- ........ ...- 

12.0 
H 

CLOUD BASES AT 700 m ALTITUDE EXPANDED FALLOUT 8.25 g /kg 
CLOUD 2 R *  650 m SEEDED FALLOUT 8.76 g /kg 
CLOUD 3 R*IOOO m UNSEEDED FALLOUT 4.98 g /kg 
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FIGURE 10.-Model results for clouds 2, 3, and 4 on May 16, 1968. Cloud 3 has been considered without (dotted) and with (dashed) the 
measured 30-percent expansion. Cloud 4 is considered only without expansion (dotted) here (see also fig.11). 

have been described in detail elsewhere (Simpson and 
Woodley 1969) and will only be briefly summarized here. 

Cloud 2 was the only cloud in the 1968 series that 
failed to grow following seeding. The measured tower 
radius was 650 m, the narrowest of the progrnm; and the 
predicted seedability was only 0.05 km or virtually zero. 
Figure 10 shows that model and observed results are in 
fine agreement. The DC-6’s pre-seeding run at  19,000-ft 
pressure altitude passed over the top of the cloud. At 
that time, the top was descending and the cloud body was 
beginning to dissipate. The predicted precipitation increase 
in table 4 is negligible as is the measured excess of seeded 
over control rainfall for this cloud. 

Cloud 3 grew explosively, with the initial seeded tower 
participating in the explosion. The seeded tower had a 
measured radius of 1000 m at seeding, expanding gradually 
to 1300 m during the following 7% min it took to achieve 
its maximum growth. Near the end of its vertical growth, 
it merged with another tower of approximately the same 
size. The 1000-m radius has been used in all statistical 
calculations to be consistent with the method of radius 

determination for the other clouds. The 30-percent 
expansion to 1300 m is included in the calculation shown 
by the dashed lines in figure 10, which gives better 
agreement with the measured cloud top. 

The pre-seeding DC-6 run passed through the core of 
the actively rising (later seeded) tower on cloud 3; and a 
detailed comparison of measured water contents, precipi- 
tation spectra, and radar echoes with model results was 
highly satisfactory (Simpson and Woiadley 1969). With 
model P, we get nearly the same rise rates of the tower as 
we did with model K in the earlier work. Both compare 
very closely with photogrammetrically measured values. 
Table 4 shows that cloud 3 was both predicted and 
measured to have the greatest rainfall increases from 
seeding of any cloud studied in 1968. Its precipitation 
growth processes are examined further in section 7.  
Cloud 3 put up four or five major towers in its 145-min 
lifetime, or roughly one each 30 min. 

Cloud 4 appears both in figures 10 and 11. It appears in 
figure 10 because the measured radius on the first DC-6 
box following seeding was 1000 m, which was used in 
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CLOUD 4 (SEEDED) WITH EXPANSION 850-3046 m 
MAY 16. 1968 - MIAMI RADIOSONDE - 1800 GMT 

MODEL EMB 68 P - BERRY FLORIDA CONVERSION 

- UNSEEOED CLOUD BASE AT 835 rn ALTITUDE 

--- SEEDED WITH EXPANSION 

SEEDED WITHOUT EXPANSION CLOUD R = 850 m - ........ - SEEDED FALLOUT B ?.9? IJ ./kg 

SEEDED FALLOUT A 5.31 9 ./kg 
UNSEEDED FALLOUT 3.31 9 /kg 
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’FIGURE 11.-Model results for cloud 4 on May 16,1968, considering the measured expansion of tower B (dashed). Tower A that had a non- 
expanding radius of 850 m is shown by the dotted seeded curve. 

all statistical calculations. Figure 10 shows that a rather 
poor agreement between predicted and observed seeded 
tops results with this radius, which, however, was used in 
construction of figures 4-6. The photogrammetry, which 
consisted of measurements of heights and radii with 
time, showed that the actual growth of cloud 4 was 
complicated. This cloud showed a “hesitation growth” 
because two towers were seeded in very different stages 
of their life cycles. Tower A, penetpated before seeding by 
the DC-6, was near its maximum unseeded top (about 
6 km) and in a late stage of its life cycle. Tower B 
(unpenetrated before seeding) was much lower, very 
young, and still embedded partially in surrounding 
cloud matter. Both measured 850 m in radius before 
seeding. Following seeding, tower A grew upward slightly 
without expansion and dissipated, while tower B was 
able to expand its radius nearly fourfold and thereby 
grow up above 14 km, where it was soon followed by 
still another expan,ding tower, C. 

Figure 11 shows that the model treats the actual 
complex situation very well, with the reservation that it 
cannot explain or predict the expansion and can only 
assume it as measured. We see that the unexpanded 
850-m tower is predicted to die with little growth, while 

the expanded tower grows easily to the height observed 
with tower B. 

Clearly, the seeding did something more drastic and 
more complex to cloud 4 than just enhance the vertical 
growth of an already formed tower. It somehow per- 
mitted tower B to expand drastically in the horizontal, 
thus permitting its vertical growth. Horizontal expansion 
is invariably a key part of explosive cloud growth and 
usually follows the vertical growth of the first seeded 
tower (Malkus and Simpson 1964). Here, the horizontal 
phase of the explosion began with the first rising tower. 
We hypothesized that this was enabled because tower B 
was partially surrounded by moist cloud matter when 
seeded, rather than completely isolated in the clear, as 
was tower A. 

The computed rise rates for tower B using model P 
agree much better with measured rise rates than did those 
computed earlier with model K. I n  the interval 6-7 km 
above cloud base, the computed rise rate is 2.4 m s-’ 
compared to a measured value of 4.5 m s-l. I n  the interval 
9-10 km above cloud base, the model computed 6 m s-l 
while 7.5 m s-l was measured. I n  the whole 5700-m rise 
above the seeding level, the predicted average rise rate 
was 4.6 m s-l while the measured value was 6.8 m s-’. 
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CLOUD 6 (UNSEEDED) 

MAY 19, 1968 

MIAMI RADIOSONDE 1800 GMT 
MOOEL EMB 68 P - BERRY FLORIDP. CONVERSION 

CLOUD BASE AT 826 m ALTITUDE 
CLOUD R = 850 m 
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--_ SEEDED UNSEEDED FALLOUT 5.31 p Ihp 
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CLOUD 5 (SEEDED) 

MAY 19, 1968 

DROPSONDE 4A-1900 GMT 
MODEL EMB 68 P- BERRY FLORIDP. CONVERSION 

CLOUD BASE AT 826.m ALTITUDE 
CLOUD R = 1000 m - UNSEEDED SEEDED FALLOUT 8.40 q Ihg --- SEEDED UNSEEDED FALLOUT 7.46 p I k g  
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FIGURE 12.-Model results for cloud 5 (heavy lines) and cloud 6 (light lines) on May 19, 1968. 

Using figure 10, we calculate a Ar of 3.79 g kg-' for 
cloud 4, while figure 11 gives 4.66 g kg-l, the largest 
predicted rainfall increase for the whole program. As we 
mentioned earlier, the value of AR of 200.9 in table 4 
for this cloud was shown to be erroneously low; the correct 
value of AR is probably 800-1000 acre-ft. 

MAY 19 (FIGS. 12, 13, AND 14) 

On May 19, both a seeded and a control cloud were 
obtained by the sealed envelope procedure. Unfortunately, 
however, the aircraft-sampled environment of the control 
cloud was considerably drier and thus less favorable for 
cumuli than was the environment of the seeded cloud. 
Hence the measured difference in their tops is not repre- 
sentative of growth that could have been achieved 
by seeding in any one location on that day. 

Although cloud 6 (seeded) was studied 2 hr earlier than 
cloud 6 (control), the Miami 1800 GMT radiosonde most 
closely resembled the environment of cloud 6 (penetrated 
first a t  1953 GMT) while Air Force dropsonde 4 a t  1900 GMT 

best represented the environment of cloud 5, seeded a t  
1755 GMT. A detailed study of the dropsondes and radio- 
sondes in the South Florida area on that day showed rather 
small time variations and rather large space variations, 
the latter often occurring in distances as small as 10 mi. 

Cloud 5 has been studied in detail by Woodley (1970b). 
Before seeding, it consisted of two towers lined up north- 
south, the lower and younger tower on the south. The 
DC-6's pre-seeding pass penetrated the more northerly 
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FIGURE 14.-Photographs of cloud 6 (cont.ro1) on May 19, 1968; (A) cloud as the DC-6 approaches the first penetration, 4 min prior to the 
“seeding” run and (B) the same cloud immediately after penetration by the DC-6 and WC-121 aircraft; note the apparent destruction 
of the tower by the aircraft. 

tower, flying from west to east. The foil sampler showed 
that 87 percent of the precipitation particles were glaciated 
on this pass, with an ice particle concentration of 9 per 
liter. The high degree of glaciation plus the fact that the 
hot wire showed only 0.4 g m-3 cloud water indicates 
an aging tower that in fact dissipated before or during the 
first seeding run. The latter was made from south to north 
through both towers. Photogrammetry shows clearly that 
both towers (R-1000 m) had stopped growing a t  about 
8.8 km before seeding and that the old north tower was 
actually descending. Following seeding, the southerly 
tower began rising suddenly a t  about 12 m s-l without 
much expansion, then merged with a new tower to  its 
north that rose from the middle of the old cloud body. 
As seen in figure 12, the observed and model rise rate for 
the north tower after seeding agree fairly well. The 
observations suggest that the predicted unseeded top of 
cloud 5 of 9.48 km (table 6 and fig. 12) is an overprediction 
by about 0.7 km. Further evidence is that a seedability of 
2.3 km would from figure 7 give a A R  very close to the 
observed value of 224.5 acre-ft. With the computed seed- 
ability of 1.6 km, the point for cloud 5 on this graph lies 
way above and to the left of the straight line. 

The reason that the model overpredicts the unseeded 
growth of cloud 5 is readily found in the sounding used. 
Dropsonde 4 had an abnormally wet 7,O-mb layer near 
500 mb, not present on the other soundings of that day, 
probably due to the instrument’s passing through the 
cloud. This unrepresentative wet layer would have given 
an artificial “boost” to  the model clouds, particularly 
the unseeded ones which should have otherwise begun 
decelerating there. 

DC-6 pass 2 through cloud 5 was made beneath the 
main actively growing tower, about 15 min after the 
first seeding. By this time, the cloud had achieved more 

than 11 km with full cumulonimbus stature; and its top 
was nearly 5 km above the aircraft. Nevertheless, these 
measurements offer some interesting comparisons with 
model calculations. Figure 13 shows the ice particle 
spectrum measured by the foil sampler compared with 
the straight line (Marshall-Palmer spectrum) used in 
the model, with n0=1O8 m+. The agreement is excellent 
except f.or the observed presence of large ice particles 
with diameters above 3 mm, where the theoretical con- 
centration falls below l/m3. By this time, these parti- 
cles could easily have fallen down to 6.2 km from higher 
levels in the cloud. Actually, some 11-mm ice particles 
were measured in a concentration ,of 1/10 m3, with 
3 percent of the IWC (ice water content) in this size. Of 
the total IWC, 24 percent was in particles greater than 
3 mm in diameter. The average ice particle concentration 
throughout the run was 9 per liter, the same as in the 
pre-seeding run in the old northern tower. The precipi- 
tation content of the cloud was now 89-percent glaciated. 
The Johnson-Williams hot wire (Nee1 1955) had two tiny 
peaks of 0.2 g m-3, indicating either that there were 
negligible amounts of cloud-sized water particles or that 
these particles were frozen. 

The total water content in precipitation sizes from the 
foil was 2.3 g m-3 while the Levine (1965) instrument 
measured 1.8 g m-3 total water content. This and other 
evidence indicates that the Levine instrument is respond- 
ing rather well in measuring ice. What is not clearly 
specified is the water content in cloud-sized particles. 
For the actively rising tower at  this level, the model 
predicts 2.4 g m-3 in precipitation ( M )  and 1.5 g m-3 in 
cloud water (m). 

Finally, we may compare volume median precipitation 
particle sizes and radar echo between model and observed 
values. The model gives the volume median precipitation 
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CLOUD 7 (UNSEEDED) 

MAY 20. 1968 

MIAMI RADIOSONDE 1800 GMT 

~~ 

CLOUD 8 (SEEDED) 

MAY 20. 1968 

MIAMI RADIOSONDE 1800 GMT 

I MOOEL EM6 68 P - BERRY FLORIDA CONVERSION MODEL EM8 68 P - BERRY FLORIDA CONVERSION I 

FIGURE 15.-Model results for cloud 7 (light lines) and cloud 8 (heavy lines) on May 20, 1968. 

particle size as 1.44 mm while the foil sampler gives 
1.34 mm, a gratifying agreement under the circumstances. 
The radar reflectivity predicted by the model is 3.4X104 
mm6 m-3 while the value calculated from the foil spectrum 
is one order of magnitude higher, namely 3.5X lo5 mm6 
m-3. The latter value was confirmed by the University of 
Miami 10-cm radar that showed a peak exceeding 2 X  lo5 
mm6 m-3 in this cloud a t  this time. At this stage of the 
cloud’s development, this large discrepancy with the 
model is to be expected and is explained by the very 
large particles in figure 13. 

Cloud 5 illustrates again the dependence of seeding 
effects upon the stage of a cloud tower in its life history. 
Here, there were two towers of roughly equal seedability, 
of which one was seeded in the dissipating stage and failed 
to grow, while the younger one grew explosively. 

Cloud 6 (control) grew in the dry, air on the southwest 
flank of a larger cloud complex. The tower that the DC-6 
and seeder penetrated was almost surely destroyed by 
the aircraft, as shown by figure 14. Hence the predicted 
unseeded top exceeded that measured by photogrammetry 
(fig. 12). Several succeeding towers probably reached 
slightly higher but could not be measured. 

MAY 40 (FIG. 15) 

The seeded cloud and the control cloud on this day were 
almost a perfect pair, with identical environments and 

the same seedability (2.2 km each). The control cloud 
died without growth; and the seeded cloud grew to cumu- 
lonimbus stature, with the original seeded tower leading 
the explosion. The only flaw in the situation was that the 
control tower was a member of a 20-mile-long cloud line; 
and we therefore suspect that its measured precipitation 
exceeds what would have been obtained for an isolated 
cloud, due both to interaction effects that enhanced actual 
precipitation and to measurement problems. In  table 4, 
we show a measured seeded versus control difference of 
70.4 acre-ft; while in figure 7, a seedability of 2.2 km 
would give about 200 acre-ft, a more plausible value. 

Cloud 7 was near the center of a line extending northeast- 
southwest and moving toward the southeast. Several 
towers were penetrated including the GO tower just in 
advance of the “seeding” run. These towers showed 
about 0.1 g m-3 precipitation, entirely frozen, and 2.0-2.5 
g m-3 unfrozen cloud water as evidenced by the Johnson- 
Williams hot wire. A photographic study suggested that 
the aircraft penetrations may have caused the penetrated 
towers to dissipate sooner than those not penetrated, 
perhaps explaining why cloud 7 did not attain the pre- 
dicted unseeded top in figure 15. 

The GO tower in cloud 8 was physically identical to the 
GO tower in cloud 7, with the pre-seeding penetration 
showing 0.1 g m-3 precipitation, all ice, and a Johnson- 
Williams reading of 2.2 g m-3. After seeding, this tower 
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CLOUD 9 (SEEDED) 

MAY 21. 1968 - DROPSONDE 9A - 2050 GMT 
MOOEL EM9 68 P - BERRY FLORIDA CONVERSION 

WATER CONTENT 
(1 perm‘) 

RADAR ECHO Tc - Te 
IO LOGJ (mm*/m’) (‘C ) 

FIGURE 16.-Model results for cloud 9 on May 21, 1968. 

grew above 10.0 km without much expansion; and the 
whole cloud underwent a classical version of explosive 
growth. 

MAY PI (FIG. 16) 

On this day, the seeding operation had to be terminated 
due to t.he invasion of the experimental area by layers of 
cirrus and altostratus clouds. However, early in the day 
one GO cloud was obtained, which grew- explosively follow- 
ing seeding. Predicted seedability was large (3.2 km), 
and the observed seeded top was in fair agreement with 
that predicted (fig. 16). Although no randomized or radar 
control clouds could be selected, there was a cloud pene- 
trated prior to the seeder’s arrival which had roughly the 
same horizontaldimension as the seeded cloud and topped 
out a t  about 8 km (by radar). 

The pre-seeding penetration on cloud 9 went through 
the center of the active tower and provides some valuable 
information concerning modeling that is shown in table 7 .  
The model (unseeded) gives a total water content of 4.22 
g m-3 of which 2.78 g m-3 is precipitation and 1.44 g m-3 is 
cloud water. The agreement is not bad, especially if we 
allow for a less-than-complete response of the Levine 
instrument to ice. The foil sampler showed that all the 
precipitation was frozen, with a median volume diameter 
of 1.35 mm. The median volume diameter from the model 
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TABLE i’.-Pre-seeding pass  .for cloud 9 on May gl, 1968 

Hydrometeor category Amount 
(g m-a) How determined 

3.3 Levine Total RzO 
Diameter <40 rm 1.0 Johnson-Williams 
Diameter >376 pm 1. 6 Foil (all ice) 
Diameter between 4&375 p m  . 8  By subtraction 

is 1.51 mm if the particles are ice and 2.02 mm if they are 
water. I n  this case, 44 percent of the cloud’s water was 
in the form of frozen precipitation prior to seeding. This 
ratio was typical of numerous other pre-seeding runs 
studied. These were the figures used to specify that 60 
percent of the total water a t  -4°C was to be frozen in the 
seeding subroutine of model P. 

MAY 26 (FIG. 17) 

This was a poor day for the experiment for several 
reasons. Conditions were very disturbed (Fernandez- 
Partagas 1969), and several layers of cirrus and alto- 
stratus obscured cloud tops. The control cloud was 36 
mi from Miami, which had very poor conditions for 
convection, while the seeded cloud was less than 30 mi 
from Key West in a much more favorable environment. 
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Figure 17 shows that the predicted unseeded top of the 
seeded cloud exceeds the predicted seeded top of the 
cont’rol cloud by nearly 1 km. Unfortunately, no seeded 
minus control cloud precipitation measurement could be 
made on this day either. The seeded cloud echo merged 
with neighboring echoes at  10 min after seeding. The 
control cloud had no echo at  all, indicating insignificant 
precipitation from it. 

Cloud 10 (control) was studied offshore in the vicinity 
of Miami a t  about 1738 GMT. Its top penetrated the 
altostratus into a stable layer above. The photographs 
indicate the aircraft effect may have caused its top t o  
dissipate short of the predicted unseeded top height. The 
precipitation particles were all frozen a t  the time of the 
seeding pass. No information on cloud water is available 
since the Johnson-Williams was inoperative. 

Cloud 11 was seeded less than 30 mi from Eey West a t  
1823 GMT. Unfortunately, the Key West 1800 radiosonde 
was missing. Since all dropsondes were made north of 
cloud 10, the 0000 GMT Key West radiosonde for May 27 
was used with this cloud with good results (fig. 17). 
Before seeding, all precipitation particles were frozen; 
and no information exists on the cloud water content. 
Following seeding, the tower grew explosively into the 
high overcast. 

FIGURE 17.-Model results for cloud 10 (light lines) and cloud 11 (heavy lines) on May 26, 1968. 

MAY 27 (FIGS. 18 AND 19) 

On this day, the aircraft worked in the clear to the 
west of the disturbed region over the Florida Peninsula, 
selecting for study two marine clouds located in the Gulf 
of Mexico off the Florida west coast (fig. 1). This was 
the only occasion of a perfect seeded and control pair 
during the entire experiment. Both clouds grew in the 
same environment, had the same radius, and succeeded 
one another with less than a l-hr interval. Predicted and 
observed tops were in near-perfect agreement for both 
seeded and control clouds (fig. 18). The seedability was, 
however, not large (1.85 km). 

The vertical wind shear on this day was the third 
strongest of the experiment, and it was the only strong 
shear day with clear-enough skies for extended photo- 
graphic studies of the GO clouds. The shear vector 
between 4,000-35,000 f t  was 43 k t  from the west-south- 
west. All clouds reaching to 30,000 f t  or more developed 
extended anvils reaching tens of miles eastward. 

Both seeded and control clouds underwent similar 
growth regimes, with thin weak bodies, strong slant, and 
long anvils (fig. 19). Czoud 1%’ (control) only failed by 
500 ft of being the highest control of the program. I t  was 
double-towered and after the “seeding” run became a per- 
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FIGURE 18.-Model results for clouds 12  and 13 on May 27, 1968. 
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FIGURE 19.-Photographs of cloud 13 (seeded) on May 27, 1968; (A) 6 min after seeding and (B) 1 hr and 44 min after seeding; note the 
long anvil extending more than 80 mi t o  the left (east). 

sistent complex of clouds lasting in approximately the 
same spot for more than an hour. 

fig- 19) was trvo-towered and 
'loud except for higher growth 

and a longer persistence, which was at least 2 hr. 
Both seeded and control clouds on this day were very 

low on precipitation, from both foil sampler and radar 
measurements. The seeded cloud was the second driest 

of the experiment, producing only 87.8 acre-ft of rain in 
the 40 min following seeding. The control cloud produced 
only 17.3 acre-ft so that AR was still appreciable, namely 
70.5 acre-ft, in fair correspondence with the seedability 
(straight line in fig. '1. 

On figure 18, we see that the model fallouts of precipi- 
tation from both seeded and unseeded towers are large 

the 
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FIGURE 20.--Model results for cloud 14 on May 28, 1968. 

and comparable to the seeded fallouts on the early days of 
the experiment. We hypothesize that the reason for the 
smaller precipitation actually falling from the May 27 
clouds was combined wind shear and dry surroundings. 
The precipitation particles produced by the active towers 
probably were both exported in the anvils and also, 
because of the slant, fell outside the cloud bodies and 
evaporated rather than being able to grow by coalescence 
during fall through cloud. Coalescence growth is discussed 
more fully in section 7. 

MAY 28 (FIG. 90) 

This day was a poor one for the experiment due to a 
disturbance over the area. The aircraft had to work over 
the Florida Peninsula in a region where natural convection 
was rampant, with many cumulonimbi growing naturally 
to  above 40,000 ft. Other permitted areas were ~~recluded 
either by the presence of stratus layers or the absence of 
seedable clouds. 

The real time model prediction showed that all radii of 
1000 m and above would grow to above 11 km naturally. 
Cloud 14 (seeded) was actually the second narrowest of 
the experiment with a radius of 750 m. The cloud was a 
member of a line oriented from south-southwest to north- 
northeast. About 10 mi to the north-northeast of the 
selected cloud, a large cumulonimbus towered above 
40,000 ft without, however, covering tho GO cloud with 
its anvil. 

Predicted and observed seeded tops were in fair agree 
ment (fig '20). Few other comparisons with observations 
could be made for this cloud because of difficulties with 
the D@-6 penetrations. Due to the many similar-looking 
towers in the area, the first two DC-6 penetrations were 
not through the tower selected by the seeder, while the 
third penetration had to be aborted due to intense in-cloud 
turbulence. The day's operation was discontinued at that 
point. 

Two radar control clouds were selected on this day for 
precipitation measurements. As shown in table 4, there 
was virtually no difference in rainfall from seeded and 
control clouds; and ail three clouds were among the 
driest studied. 

MAY 30 (FIGS. 91 THROUGHP7) 

This mas one of the most interesting and informative 
days of the experiment. The South Florida weather was 
still very disturbed, with broken cirrus overhead and 
extensive convective cloudiness, lined up with the wind 
shear (from southwest). The magnitude of the shear 
vector (4,000-35,000 ft) was 52 kt, the second largest in 
the program. Nevertheless, it was possible to select fairly 
isolated cumuli for the experiment, and four GO clouds 
were studied; one was a control, and three were seeded. 

As seen in table 4, this was &e only day on which both 
model-predicted and observed precipitation changes 
(AT and AR, respectively) showed negative values. a11 
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CLOUD 15 (UNSEEDED) 

MAY 30, 1968 - MIAMI RADIOSONDE - 1800 GMT 
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FIGURE 2l.-Model results for cloud 1.5 on May 30, 1968. 
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FIGURE 22.-Photographs of cloud 15 (control) on n4ay 30, 1968; (A) 10 min before seeding run and (B) about 10 min after seeding run, 
looking northwest. Note steep slant, weak cloud body, and the tower precipitation falling outside the cloud. 

clouds were fairly wet, producing from about 100 to about 
400 acre-ft of rainfall in the 40 min after the seeding run. 

Cloud 15 (control, figs. 21 and 22) and cloud 16 (seeded, 
figs. 23 and 24) grew over Florida Bay and were an 
almost perfect pair, with the same environment, the 
same physical appearance, and nearly the same radius. 
Cloud 15 w8s the highest and much the wettest control 
cloud of the program, reaching 32,000 ft and’ precipitating 
305.9 acre-ft in the 40 min following the “seeding” 

run. We believe it was typical of the natural medium- 
to-large cumuli over Florida on this day. 

Cloud 16 (seeded) reached only 1000 ft higher than un- 
seeded cloud 15 and precipitated 105.2 acre-ft less (table 
4). Figure 23 shows that it topped about half way between 
the heights of the predicted unseeded and predicted seeded 
tops. We believe that the seeding was not very effective 
in invigorating the whole cloud dynamically, hence it 
failed to grow to the full seeded height and rained less 
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FIGURE 23.-Model results for cloud 16 on May 30, 1968. 
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FIGURE 24.-Photographs of cloud 16 (seeded) on May 30, 1968; (A) 10 min before seeding, looking southeast; note slant of tower; (B) 14 
min after seeding, looking northwest; note similarity to  cloud 15, figure 22B. 

rather than more than the control. The hypothesized 
reason for the failure is illustrated by comparing figure 24A 
with figure 9A. In  the early part of the program, the clouds 
were growing mainly vertically. Hence, new towers were 
close to the older ones horizontally and would be seeded by 
the seeder aircraft on almost any course; furthermore, 
seeding material falling down through the tallest tower a t  
seeding time ~17ould encounter the newer ones coming up 

beneath it. With strong shear, the old towers are swept 
away horizontally so that, when seeding the highest tower, 
the seeder would not seed the newer ones unless he flew 
directly along the shear vector (as he did not with cloud 
16). Figure 24A, made 10 rnin before seeding, shows the 
top tower already displaced laterally so far that much of 
the material dropped in i t  would fall through to clear air, 
rather than infecting new towers that are growing quite far 
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CLOUD 17 (SEEDED) AND CLOUD 18 (SEEDED) 

MAY 30. 1968 - MIAMI RADIOSONDE - 1800 GMT 
MODEL EYB 68 P - BERRY FLORIDA CONVERSION 

I 

FIGURE 25.-hqodel results for clouds 17 and 18 on May 30, 1968. Tower A of cloud 17 is shown by the dash-dotted and dotted curves. 
Tower B of cloud 17 and of cloud 18 are shown by the solid and dashed curves. 

to the right. We explain the decreased precipitation, rela- 
tive to cloud 15, as due to more particles being “hung up’’ 
in ice forms and being exported laterally in the anvil, with- 
out the usual overcompensating invigoration of the con- 
densation and coalescence process. The model predicts a 
fallout decrease from the seeded tower even if it had at-, 
tained its full predicted height. This decrease results 
mainly from the large height attained by the unseeded 
tower. Of course, had the seeded cloud truly exploded, 
successive towers could have overcome the decrease pre- 
dicted for the first one; however, in the case of cloud 16, 
explosion failed to occur for the reasons cited above. 

Cloud 1’7 (figs. 25 and 26) was the most extreme case of 
hesitation growth in the program. I t  is the subject of an 
entire report by Woodley and Powell (1970) and will only 
be summarized briefly here. The tower seeded (tower A) 
was very narrow; it was seeded only after it had stopped 
growing and had begun to descend and dissipate. From 
figure 25, we see that this tower failed to  attain its pre- 
dicted seeded growth, due probably to a combination of 
late seeding and destruction from penetration by three 
heavy aircraft. Fortunately for cloud 17, tower A stopped 
growing s t  about 9 km or below the strong shear layer, so 
that its remains hung over the cloud body where new towers 
were growing (fig. 26B). Beginning at  about 12 min after 
seeding (fig. 26C), a new 1100-m tower (9) started to grow 
up from the cloud body into the dissipated remnants of 
tower A, following which the whole cloud grew explosively. 
Woodley and Powell (1970) have described the cloud’s 
growth in detail, including a comparison of predicted 

(seeded) and observed rise rates in which agreement was 
found to be very good. This cloud provided one of the few 
opportunities to compare predicted and observed tem- 
perature excesses, which also agree within the uncertainty 
of sampling and measurement. The dashed curve in figure 
25 shows that the predicted seeded top of an 1100-m tower 
and the observed final top of tower B of cloud 17 are in 
excellent agreement, confirming that B was seeded by the 
silver iodide and ice crystals falling out of the rem- 
nants of A. Whether or not the seeding was responsible for 
the initial formation of the larger tower cannot be de- 
termined; if so, seeding can have a much more potent and 
more complex effect upon cumuli than any simplified 
model such as ours can hope to treat. The rainfall study 
showed that cloud 17 precipitated 88.1 acre-ft more 
(table 4) than control cloud 15, a result clearly attributable 
to the multiple towers. 

Cloud 18 (figs. 25 and 27) was the only typical exploding 
cloud on May 30. The first tower sighted (at the left in 
fig. 27A made a t  seeding time) was at  nearly 30,000 f t ,  
and considered too high for seeding. It later blew off and 
died without further growth. The new upshear tower on 
the southwest (center of fig. 27A) was seeded and sub- 
sequently grew to above 10 km (fig. 27B), in good agree- 
ment with the predicted seeded top. Then the whole 
cloud grew explosively to cumulonimbus stature (fig. 
27C). Because of the high predicted and observed un- 
seeded tops, it is not certain that the explosion can be 
attributed to the seeding. However, the cloud had a more 
than 46-min history of observation before seeding in 
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FIQURE 26.-Photographs of cloud 17 (seeded) on May 30, 1968; 
(A) cloud a t  second seeding, showing tower A; (B) 10 min after 
seeding, showing remains of tower A suspended over cloud body 
where new towers are growing; (C) 13 min after seeding, cloud 
starting t o  regenerate; tower B is seen growing up into remnants 
of tower A. 

which it did not explode. Furthermore, the only other 
cumulonimbus in the vicinity was seeded cloud 17 (visible 
on the right in fig. 27C). Despite the- many towers, the 
radar measurements on cloud 18 showed a rainfall deficit 

FIGURE 27.-Photographs of cloud 18 (seeded) on May 30, 1968; 
(A) at seeding time; seeded tower in center, older unseeded tower 
to left (northeast); (B) 10 min after sceding, looking northwest; 
seeded tower exploding; older unseeded tower is seen dissipating 
on the right; (C) 31 min after seeding, looking north; cloud has 
exploded; cloud 17 is visible in the background to the right 
(northeast). 

of 198.6 acre-ft relative to cloud 15. However, cloud 18 
spent much of its seeded life in the blind cone of the radar; 
and Woodley (1970~)  suggests that its seeded rainfall 
may have been underestimated by as much as a factor of 4. 
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H E I 
CLOUD 19 (SEEDED) 

JUNE I, 1968 - DROPSONDE 23A - 1700 GMT 
MOOEL EM0 68 P - BERRY MARINE CONVERSION 

CLOUD BASE AT 7 1 2  m ALTITUDE 

C U M ) R = 8 5 0 m  SEEDED FALLOUT 8.08 g /kg 
UNSEEDED FALLOUT 7.29 g /kg 

FIGURE 28.-Model results for cloud 19 on June 1, 1968. 
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FIQURE 29.-Photographs of cloud 19 (seeded) on June I, 1968 (by William Woodley); (A) cloud 46 min before seeding; i t  retained this 
appearance until seeding; (B) seeded tower 6 min before seeding: and ( C )  seeded cloud 22 min after seeding; note the growth of the 
seeded tower that is now dominating the cloud. 

JUNE 1 (FIGS. 28 AND 29) into the Gulf of Mexico off the Florida west coast to  find 
a seedable cloud. 

Cloud 19 formed in the clear air a t  the marine location 
shown in figure 1. It was studied for nearly 2 hr prior to  
seeding, during which it remained in a steady state in the 
same location while putting up a succession of similar 

This continued to be a strong shear day, with 
highly disturbed weather over the Florida Peninsula. 
The land areas were, in fact, so much covered by stratus 
layers that the aircraft had to proceed nearly 180 mi 

413-002 0-71-4 
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towers and retaining the appearance shown in figure 29A. 
All unseeded towers had approximately the same hori- 
zontal dimensions and topped below 8 km. 

The seeded tower a t  6 min before seeding is shown in 
figure 29B. Following seeding, it grew to about 1.4 km 
above the unseeded tops, in good agreement with the 
model (fig. 28). By 24 min after seeding (fig. 29C), the 
seeded tower had expanded and was beginning to dominate 
the whole cloud, which was dynamically invigorated to 
some extent. The degree of explosion was, however, 
limited by the wind shear well below those observed in 
the early days of the experiment. 

Since the cloud was out of the 100-mi range of the 
University of Miami radar, no rainfall calculations were 
possible. No aircraft penetration data were available for 
this case due to instrumental and recording system 
failures. 

7. GROWTH BY COALESCENCE 
OF THE FALLING PRECIPITATION 

I n  each model calculation (figs. 8, 10-12, 15-18, 20-21, 
23, 25, and 28) the seeded and unseeded tower fallouts of 
precipitation were printed (in g kg-’) in the upper right 
portion of each diagram. In  section 5, we pointed out 
that the measured precipitation at  cloud base, while 
well correlated with these numbers, exceeded them in 
magnitude by many factors. This is because the model so 
far only computes the precipitation falling out of the 
active tower as it rises. The discrepancy occurs because 
these precipitation particles grow by coalescence as they 
fall down through the cloud body. 

Here we undertake a coalescence calculation to illustrate 
two points: (1) how the model-computed fallout can grow 
by in-cloud coalescence to  the amounts observed at  cloud 
base and (2) how the differences between seeded and con- 
trol precipitation amounts are augmented by the different 
coalescence environments provided by the seeded and con- 
trol clouds. 

I n  the first part of this calculation, we consider the coa- 
lescence growth of a raindrop as it falls down from the 
top of the cloud to cloud base, collecting the small cloud 
drops that it encounters. In  this simplified approach, 
coalescence is regarded as a continuous process in which 
the small droplets, of constant size and number, are visu- 
alized as filling space with a uniform density of liquid 
water that the large drops sweep up continuously. In  this 

continuous collection” model, all the large drops grow at 
the same rate given by 

L L  

where n(r)dr is the number of droplets per unit volume of 
air with radii between r and r+dr and where E(R, r )  is 
the collection efficiency for two droplets of radii R and r 
and terminal velocities v(R) and v(r) ,  respectively. In  the 
simple case where all the small droplets have the same size 
and together constitute a water content of m grams per 

unit volume of air, eq (12) reduces to  

where pr, is the density of water. 
I n  our model, we assume E=l for both water and ice; 

we neglect v ( r )  and assume p L =  1.  Therefore, when multi- 
plied through by at, eq (13) becomes 

m m 
4 4 dR=- v(R)dt=- d z  

or 

m 
2 AD=- AZ 

where D is raindrop diameter and the descent of the drop 
is divided into height intervals Az over which a con- 
stant value of m can be assumed. 

For this calculation, we consider the growth of the 
volume median precipitation drop with diameter Do(z) 
in the radar control cloud on May 16 and in seeded cloud 
3 on the same day. This case represents both the rainiest 
seeded cloud and the largest measured precipitation dif- 
ference between a seeded and a control cloud. We take two 
essential parts from observations. First, extensive measure- 
ments are available for Do a t  cloud base in both seeded and 
unseeded clouds from a foil sampler5 flown by the NRL 
S2D aircraft. The average Do for 15 unseeded passes was 
3.14 mm and for 20 seeded passes 3.72 mm. Second, the 
EMB 68 P model gave values of Do at DC-6 level (about 
6 km) that agreed well with those measured by the foil in 
every case, even when the active tower had risen consid- 
erably above the aircraft. Hence we shall assume that the 
model gives the starting diameter of the raindrops when 
they begin their fall through cloud. In  the case of seeded 
cloud 3, the model gives Do=0.8 mm at 11 km, the 
maximum height (above cloud base) achieved by the tower 
center. In  the case of the control cloud, the model gives 
Do= 1.7 mm at  the highest level (6 km). We then integrate 
eq (15) downward to cloud base in 1-km steps, with input 
and results as shown in tables 8 and 9. 

In table 8, the values of m are chosen as follows. The 
computed model value (for the active tower) is taken 
down to that height interval 6-5 km where the value 
exceeds 0.8 g m-3. Below that, m is taken constant at  0.8 g 
m-3, with the idea that the precipitRtion is falling through 
an inactive cloud rather than the rising tower. The values 
in table 8 are considered reasonable figures from our hot 
wire measurements, for inactive cloud matter at  the 
periphery of the updraft. In  table 9, m=0.48 g m-3 was 
the model value in the interval 6-5 km; it was considered 
the maximum reasonable for such a small unseeded cloud, 

J At thls writing, there is stillsome question regarding the very largest drops apparently 
measured by the foil sampler at cloud base, both in  regard to instrument calibration and 
possible distortion of drop imprint by aircraft or other effects. It is readily shown, how- 
ever, that the inclusion or exclusion of these few very large drops makes only a small dif- 
ference in the volume median diameters. 
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T A B L E  8.-Collection calculation, seeded cloud S on M a y  16 ,  1968 

1 2 3 4 

(km above base) water) (g mJ) cipitation) (mm) drop mass (%) 
Level m (cloud Drop Do (pre- Increase in 
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TABLE 9.-Collection calculation, radar control cloud on M a y  16, 1968 

1 2 3 4 

(km above base) water) (g m-3) cipitation) (mm) drop mass (%) 
Level vn (cloud Drop Do (pre- Increase in 

6 1. 70 

5 1.94 

4 2. 18 

3 2.42 

2 2. 66 

1 2.90 

0 3. 14 

0.48 48 

.48 41 

.48 37 

.48 33 

.48 30 

.48 27 

again guided by our hot wire measurements. Clearly, the 
chosen values of m have also been guided by the necessity 
for the raindrops to  achieve their measured sizes at  cloud 
base level. The last column of tables 8 and 9 contain the 
figures necessary for the next part of the calculation, 
namely the percent increase in drop mass in each interval. 
This increase is found from two successive values of Do 
by taking their ratio, cubing it, multiplying by 100, and 
subtracting 100. For example, for the first interval in 
table 9: 
1.94 
-- 1.14; 1.70- ( 1.14)3= 1.48 X loo= 148%; 

148%- 100%=48% mass increment. 

These resulting percentage increments are now used 

with the model-computed fallouts to calculate cloud base 
precipitation as illustrated in figure 30 and tables 10 and 
11. The calculation will be explained using table 10. 

The EMB 68 model series gives the precipitation fallout 
from the active rising tower in each height interval in 
grams of water per kilogram of cloudy air. This figure is 
given for 1-km height intervals in column 3. With this 
figure, columns 2 and 4 are used to  obtain column 5, the 
fallout mass in grams. Then it is assumed that somehow 
half this precipitation mass is lost by falling out of the 
cloud (fig. 30) so that column 6 gives half the values in 
column 5. Column 7 gives the result of the calculation, 
namely the total precipitation mass after coalescence and 
addition of fallout that has accumulated after each interval 
of fall. The procedure is best illustrated by considering the 
interval 10 to 9 km. Here, 1.54X109 g fall into the box 
from above. This amount will be augmented by 27 percent 
by coalescence (table 8) , so we have 

1.54x 109x 1.27 = 1 . 9 5 ~  109. 

Then we have a fallout addition of 1.46X109 g in the 
interval. If we assume this enters, in the mean, halfway 
through the interval, its percentage augmentation by 
coalescence should be half that of the mass coming from 
above or 13.5 percent. Thus we should also have 

1.46X109X 1.135=1.66X109, 

so that the accumulated mass reaching 9 km is 

(1.95+ 1.66) X109 g=3.61X109 g 

as given in the table. 
We see, even with losing half the fallout, that the 

precipitation in the cloud is augmented by a factor of 
19 by coalescence and that 630X109 g or 512 acre-ft fall 
out from its base. The corresponding calculation for the 
control cloud is given in table 11. 

Due to its smaller vertical thickness, coalescence in 
the control cloud augments the tower fallout by only 
about a factor of 2, to about 23 acre-ft of rain. The ques- 
tion might be raised, considering the addition of fallout 
with a different drop size in each interval, how good an 
approximation to observed Do’s in the cloud would be the 
values in column 3 in tables 8 and 9. This question is 
readily answered for the seeded cloud with reference to 
columns 6 and 7 in table 10. By the time the raindrops 
have descended to 7 km, we see that the ratio of new 
fallout to already descending mass is only about 24 per- 
cent, diminishing to 12 percent in the next interval and 
thereafter becoming a negligible contribution. The model 
printout shows that down to 7 km, the Do of the incoming 
mass differs from that given by column 3, table 8, by less 
than 5 percent. Although the departure becomes progres- 
sively larger below this level, it does not matter because 
of the percentually small contribution of, the new fallout 
to the total precipitation. A similar result applies to the 
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COALESCENCE CALCULATION 

UNSEEDED CLOUD SEEDED CLOUD 

PRECIP. MASS PRECIR MASS 
MULTIPLIED BY MULTIPLIED BY 

2 TIMES 19 TIMES 

FIGURE 30.-Schematic illustration of coalescence calculation for 
seeded cloud 3 and the radar control cloud on May 16, 1968. 

TABLE 1 1.-Precipitation growth calculation f o r  the single-tower 
radar control cloud on May 16, 1968 

1 2 3 4 5 6 7 

Accumulated Air Calculated Tower 
Level (km density fallout radius Mass li2msss mass 
abovebase) XI01 EMB 68P R (m) X 10-g X 1O+g x 10-g 

g cm-3 (g kg-1) 

6 0 
0.63 2.68 lo00 6. 75 3.38 

5 4.19 
.70 1.25 lo00 3.50 1.75 

4 8.02 
.77 .71 lo00 2.19 1.10 

3 12.21) 
.84 .28 lo00 .94 .47 

.92 .MI loo0 .22 .11 
2 16.89 

1 

0 

22.21 
0 

- - 
Sum 13.6 ACc. t0t.l 28.20 

TABLE 12.-Summary of May 16, 1968, coalescence calculation 

Total tower fallout With collection Observed 

(acre-It) (acre-ft) (acre-it) 
Cloud (rising) (falling) (cloud base) 

TABLE 10.-Precipitation growth calculation f o r  one-tower seeded 
cloud S on May 16, 1968 

Seeded 27 512 850 

Control (single tower) 11 23 26 
(one tower) (one tower) (two merged towers) 

1 2 3 4 5 6 7 

Air Calculated Tower Accumulated 
Level (km density fallout radius Mass 112mass mass 
abovebase) X10  EMB 68P R (m) X 1O-Pg X 10-g X 1O-Pg 

g cm4 (g kg-9 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

0.37 0.90 

.41 .81 

.46 .93 

.61 1. 11 

.56 1.20 

.63 1. 10 

.70 1. 16 

.77 .71 

.84 .28 

.82 .05 

-0 

1300 

1300 

1300 

1300 

1300 

1300 

loo0 

1000 

1Mx) 

loo0 

lo00 

SUm 

0 

1. 54 

3.61 

7.18 

12.45 

24.46 

59.50 

114 19 

194.44 

303.92 

446.87 

2.93 1.46 

2.92 1.46 

3.76 1.88 

4.98 2.49 

5.91 2.96 

6. 10 3.05 

3.25 1.62 

2. 18 1.09 

0.94 .47 

.18 .09 

- - 
33.15 Ace. total 630.09 

control cloud. Thus, when making measurements in the 
rainshaft, we should expect the drop diameters to be 
dominated by the coalescence in the falling phase and to 
resemble the distributions of tables 8 and 9. The principal 
results of these calculations are summarized in table 12. 

It will be recalled that the seeded cloud put up two 
towers (which merged together) in the first 40 min follow- 

ing seeding. Hence this calculation shows that tower fall- 
out, with coalescence on the descent, accounts well for the 
total seeded precipitation and for the hugely augmented 
difference in rainfall between seeded and control clouds. 
These results re-emphasize the importance of the cloud's 
dynamic invigoration in the rainfall augmentation. It is 
the greater depth of the cloud produced by the seeding 
that is responsible for the main part of the precipitation 
increase, more than 90 percent of which is produced dur- 
ing the descent of the raindrops. 

I n  table 10, we see that about 614 X lo9 g of the rain- 
fall a t  cloud base comes from coalesced cloud drops, while 
only about 16X1O8 g are contributed by raindrops 
already formed in the rising tower. The question arises as 
to whether the cloud can readily produce this much cloud 
water in the 40 min following seeding. We take first a 
static and then a dynamic approach to this question. On 
the radar tracing of this cloud's 10-cm echo a t  20,000 ft, 
we define the rainshaft as the area occupied by the third 
(highest present) contour, which corresponds to a rainfall 
rate of 0.45 in. hr-l (Woodley 1 9 7 0 ~ ) .  The area enclosed by 
this contour is 125.5 km2. With a cloud 11 km tall, we 
have a shaft volume of about 1.38X1012 m3. For this 
volume to contain 6 1 4 x 1 0 ~  g of cloud water, the cloud 
water content must be 0.44 g m-3, a reasonable value. 
Hence the whole cloud must remain sufficiently vigorous 
to regenerate itself with roughly this amount of water in 
this volume about once during 40 min. 



February 1971 Joanne Sirnpson and Victor Wiggert 115  

A dynamic calculation suggests that the condensation 
process going on within an area comparable to that of the 
rainshaft is easily able to  regenerate the required cloud 
water. Let us consider, for example, the height interval 
from 6-5 km. The cloud gains 32X10Q g precipitation 
from coalesced cloud water in this interval (table 10). 
With wet adiabatic ascent, we would condense about 1.3 g 
of water per kilogram of rising air in this amount of ascent. 
The mass of air rising through this level in 40 min, if we 
assume an updraft of only 50 cm s-l, would be 

Mair=pairAW d t  
= 0.63 X 10-3X 125 X 10 'OX 50 X 2400 
=0.95X10'4 g air 

and 

M,, l e r =  1.3 X 10- X 0.95 X 1014= 124 X 10' g water. 

This excess over 32X1OB g allows for a factor of 4 reduc- 
tion by entrainment, or for the rising air's being confined 
to a protected region smaller than the area used here. In  
any case, the spreading of the active tower into an anvil of 
larger lateral extent appears necessary to  allow the falling 
precipitation particles to  have access to  the condensation 
products over an area considerably larger than that of the 
initial rising tower which has an area of only a few square 
kilometers. This emphasizes again the importance of the 
horizontal explosion of the cloud in the precipitation 
enhancement. 

All the foregoing calculations have been made assuming 
a nearly vertical cloud, so that the precipitation in its 
descending phase continues to fall through fairly dense 
cloud matter. After the initial loss of half the fallout from 
the rising tower, we consider no further losses from the 
rainshaft. The clouds on May 16 and in all the early 
part of the program grew almost vertically (e.g. fig. 9),  
while those in the last half of the program showed ex- 
treme slants. I n  these slanting cases, much of the pre- 
cipitation will be lost as it will fall outside the cloud 
body and evaporate rather than grow by coalescence. 
The photographs in figures 19, 22, and 24 show this 
loss very graphically. Woodley and Powell (1970) have 
presented a rough coalescence calculation for cloud 17 on 
May 30. 

8. THE EFFECTS OF SYNOPTIC CONDITIONS 
UPON SEEDING RESULTS 

Every analysis so far points up the subdivision of the 
experimental period into two quite different synoptic and 
cloud regimes. During the first part of the program 
(May 15 through May 20 or May 21), the South Florida 
region was fair, with isolated cumuli and little or no 
middle or high cloudiness. During the latter part of the 
program (from May 26-June I) ,  a disturbed regime pre- 

TABLE 13.--Seeding results in fair ( L )  versus rainy (S) period 

Fair (L) Rainy (s) Parameter 

Average rainfall (AR) seeded minus control (in acre-ft). _ _ _ _  
Average seedability (in km) (model EMR 68 P) _ _ _ _ _ _ _ _ _ _ _ _  
Average echo duration after seeding (in min) ~ __._._.___.___ 

Average echo area during 40 min after seeding (in n.mi.2). _ _  
Average increase in echo area following seeding (in n.mi.2). 
Average difference in echo area between seeded and control 

clouds. _ _ _  _ _ _ _  _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  __._._ _ _ _ _ _  

330 - 29 
3.26 1.67 
60 
32 
22 

16 

38. 6 
16 
7 

6 

wiled over South Florida, with rampant convection, much 
middle and high cloudiness, and abnormally high precipi- 
tation. Studies by Fernandez-Partagas (1969) and Woodley 
et al. (1969) show that the heavy precipitation was nat- 
ural, due to the presence of the large-scale disturbance, 
and not demonstrably induced or affected by the seeding, 
except in the locations of the seeded clouds themselves. 
Table 13 shows that the results of seeding were quite 
different in the two periods. 

Two main differences in cloud growth were detected 
between the L and S periods: (1) unseeded clouds grew an 
average of 1.2 km higher and (2) seeded clouds showed 
much less horizontal expansion, or weaker explosion, 
following seeding in the S period. 

Mean 14iami soundings prepared for the two periods 
(not reproduced) showed that from cloud base to  8.5 km, 
or about the height of unseeded tops, the S period was 6 
percent less stable while from 8.5 km up to 12 km it was 
20 percent more stable. In  the lower levels, the S period 
was slightly more moist, except for a dry region from 
600-500 mb. As discussed in I, a dry layer like this may 
cause cumuli to break and thereby militates against the 
horizontal expansion necessary for explosive growth. 

A larger difference is found when we compare the mean 
streamlines for the two periods, shown in figures 31 and 32. 
Particularly notable is the stronger vertical wind shear in 
the S period, which is even more pronounced when 
individual days are examined. For example, from 
May 15-20, the average magnitude of the shear vector 
between 4,000 and 35,000 f t  was 22 kt, while between 
May 27-30, it averaged 41 kt,  nearly a factor of 2 larger. 
We hypothesize that this was the primary cause of the 
different seeding results in the tn7o periods. Horizontal 
cloud explosion is inhibited by strong shear, since succeed- 
ing towers do not come up in the protection of previous 
ones and precipitation growth by coalescence in the cloud 
body is restricted by loss on the downshear side of a 
highly slanting cloud. Comparison of the cloud photo- 
graphs shows nearly vertical clouds in the fair (L)  period 
and highly slanting ones occurring in the disturbed (8) 
period. There will of course be fair periods with strong 
vertical wind shear, and it is planned to study these in 
future programs to determine whether the shear is the 
primary restrictive factor rather than merely the presence 
of the disturbance. 
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FIGURE 31.--Mean streamlines and isotachs for the fair (L) period, extending from 0000 GMT on May 16,1968, to 0000 QMT on May 22, 1968; 
(A) 4,000-ft mean streamlines and isotachs and (B) 35,000-ft mean streamlines and isotachs. 

- r  w- 21 

MEAN STREAMLINES 2--f ~ MEAN ISOTACHS --- (knots) 

IS. w ?Y 

S PERIOD 4,OOOft 

W 20 1 _ *  
MEAN STREAMLINES MEAN ISOTACHS --- (knots) 

95. 80. 7s- 

S PERIOD 3 5 , 0 0 0 f t  

FIGURE 32.-Mean streamlines and isotachs for the disturbed (S) period extending from 0000 GMT on May 27,1968, to 0000 QMT on May 31, 
1968; (A) 4,000-ft mean streamlines and isotachs and (B) 35,000-ft mean streamlines and isotachs. Over South Florida, note the 
asymptote of convergence at low levels and the isotach maximum a t  high levels. 
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9. CONCLUSIONS 

The EMB 68 model series gives very good height 
predictions for the 14 GO clouds in the Florida 1968 
experiment. When physical measurements from the field 
program were incorporated into the model to construct 
the EMB 68 P version, we obtained both good heights and 
predicted rainfall differences that correlated well with the 
radar-measured cliff erences between seeded and control 
clouds. The model calculates only the precipitation falling 
from the actively rising tower and does not consider 
further coalescence during the descending phase of the 
raindrops’ lifetime. Hence the model values of precipita- 
tion fallout are smaller than the rainfall measured at  cloud 
base (in the 40 min following the seeding run) by factors 
of about 15-20. A separate prototype coalescence calcda- 
tion of the descending phase of the rain, starting with the 
model fallout and using cloud body values from measure- 
ments, gives good agreement with observed precipitation 
amounts. 

A particularly valuable Correlation is obtained between 
model-predicted seedability and measured differences in 
precipitation between seeded and control clouds. An 
empirical regression mas constructed between seedability 
and rainfall increase 11-hich has been used elsewhere 
(Simpson et a1. 1 9 7 0 ~ )  in estimating potential applications 
of dynamic seeding in water management in two important 
Florida ~ v a  tersheds. 

The two main limitations of using this type of model to 
predict actual seedability in advance lie (1) in predicting 
the sounding and ( 2 )  in predicting the cloud radii. Com- 
bined, these limitations comprise essentially the unsolved 
problem of weather forecasting. However, me have shown 
that the model can be applied usefully 4-8 hr before a 
seeding operation in locations and at times where the 
atmospheric temperature and humidity stratification are 
fairly uniform and persistent, that is, primarily in the 
Tropics. Then assuming a hierarchy of typical radii, good 
days for seeding can be separated from poor days. The 
poor days comprise both very dry conditions with no 
seeded growths and disturbed days where natural clouds 
reach great heights. 

A main conclusion from case study comparisons of our 
model results with observations is that seeding effects are 
much more complex than the framework of any one- 
dimensional model can encompass. There are three major 
complexities : 

1 .  The time dependence of seeding effects. We saw again 
and again that towers seeded late in their lifetimes often 
grew little or not a t  all, while most of the spectacular 
growths occurred with towers seeded early enough to be 
actively rising and to contain 1 g m-3 or more of water in 
small cloud drops. A one-dimensional time dependent 
model is being developed to attack this problem. 

2 .  The possible effect of seeding in generating larger 
diameter towers than the cloud produced natually. At 

least two of our case studies indicated that seeding might 
have had this effect. A two-dimensional and axisymmetric 
model series based on those devised by iMurray (1970) is 
being developed that may be able to partially investigate 
this possibility, which will also be studied by further 
observations. 

3. The problem of horizontal cloud explosion following 
the vertical tower growth and its inhibition by vertical 
wind shear. One of the most important results of this 
study was the demonstration that i t  was probably the 
high wind shear in the disturbed latter part of our 1968 
experiment that inhibited seeded rain production by pre- 
venting or reducing the horizontal explosion of the cloud 
body. We plan eventually to  introduce wind shear in a 
two-dimensional precipitating model of the Murray type, 
following the pioneering work in the mountain wave 
situation by Orville (1968). Meanwhile, we shall continue 
to pursue this problem observationally. 
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